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Abstract 
Dynamic load sharing can be defined as a measure of the ability of a heavy vehicle multi-axle group to 
equalise load across its wheels under typical travel conditions; i.e. in the dynamic sense at typical travel 
speeds and operating conditions of that vehicle.  Various attempts have been made to quantify the ability of 
heavy vehicles to equalise the load across their wheels during travel.  One of these was the concept of the 
load sharing coefficient (LSC).  Other metrics such as the dynamic load coefficient (DLC) have been used to 
compare one heavy vehicle suspension with another for potential road damage.  This paper compares these 
metrics and determines a relationship between DLC and LSC with sensitivity analysis of this relationship.  
The shortcomings of these presently-available metrics are discussed with a new metric proposed - the 
dynamic load equalisation (DLE) measure. 
 
Introduction 
The aim of this paper is to present a new load sharing measure after examining the current HV suspension 
quality metrics, including the criticisms of them.  Arising from this aim, the present HV suspension 
framework, in which researchers operate, is mapped out.  This includes the issue of there being few dynamic 
load sharing measures for heavy vehicles (HVs) available to researchers.  The objective is then to validate 
preliminarily a new load sharing metric which will be used for further research on making HV suspensions 
'friendlier' than they are at present, thus potentially reducing the amount of damage HVs do to the road 
network asset. 
 
Background 
Load sharing can be defined as the equalisation of the axle group load across all wheels/axles.  A variation 
on that definition is that a heavy vehicle (HV) with a 'load equalising system' needs to have, p26 (Stevenson 
and Fry, 1976): 
• an axle group that utilises a suspension with the same spring types on each axle; and 
• a design that delivers 'substantially equal sharing by all the ground contact surfaces of the total load 
carried by that axle group'. 
Soon after this study, early efforts to define 'load-sharing' in Australia were made (Australia Department of 
Transport, 1979). 
The suspension on the right in Fig. 1 & Fig. 2 is an example of a centrally pivoted suspension although the 
one shown is not the only expression of this design.  It is apparent from Fig. 1 & Fig. 2 that load sharing 
was seen at the time to be a static or quasi-static phenomenon.  This was recognised by Sweatman (1983) as 
only part of the issue.  That report as well as others (Cole and Cebon, 1991) contended that centrally-pivoted 
suspensions with inadequate damping by design would be less 'road-friendly' (Sweatman, 1983).  This 
because underdamped transmission of front-axle perturbations to the rear axle via the rocker-arm 
mechanism would lead to high wheel forces. 
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Potter (1996) clarified various methods for quantitative derivation of measures to describe the ability of an 
axle group to distribute the total axle group load during travel.  Despite this work, that of Mitchell & Gyenes 
(1989) and Gyenes (1994), more recently Potter et al. (1997) and Fletcher (2002), there is no agreed testing 
procedure to define or measure dynamic load sharing at the local nor national level in Australia. 
 
The DIVINE report, VSB 11,  legislation and some history 
The final report of the DIVINE project nominated suspension load equalisation as being important to 'road-
friendliness' and recommended the following measure, p107 (OECD, 1998): 
'Load equalisation may be evaluated on the basis of average load variation per unit of relative vertical axle 
displacement (for example, 100 mm of travel)...  To qualify as a road-friendly tandem suspension, it is 
recommended that differential axle load variation must be no greater than 0.3 kN/mm based on a 9 tonne 
axle load…' 
Again, this was a quasi-static approach and did not address dynamic equalisation in that a time constant or 
period for equalisation was not specified, only a differential value of deflection. 
 
The overarching load sharing requirement (independent of suspension type) for HVs in Australia is set down 
in the Australian Vehicle Standards Rules 1999 in which Rule 65 is as follows (Australia Parliament, 1999): 
'65 Relation between axles in axle group 
(1) The axles in an axle group, except a twin steer axle group, fitted to a vehicle with a GVM over 4.5 
tonnes must relate to each other through a load-sharing suspension system. 
(2) In this rule: 
load-sharing suspension system means an axle group suspension system that: 
(a) is built to divide the load between the tyres on the group so that no tyre carries a mass over 10 percent 
more than the mass that it would carry if the load were divided equally; and 
(b) has effective damping characteristics on all axles of the group…' 
Early experiments, p6 (Sweatman, 1976) concluded that, when it came to load-sharing, '…there appears to 
be little correlation between static and dynamic suspension performance'. 
The DIVINE project final technical report, p77 (OECD, 1998) found that air-suspended HVs do not load 
share in the dynamic sense (authors’ italics for emphasis): 
 'When air-suspended vehicles travelled at critical speeds over axle-hop inducing features, large dynamic 
responses and multiple fatigue cycles were observed.  These responses were up to 4.5 times the dynamic 
load allowance specified in bridge design.  Where axle hop was not induced, the dynamic response was 
much smaller.  A probable explanation for this is the fact that the very limited dynamic load sharing in air 
suspensions allows the axles in a group to vibrate in phase at axle-hop frequencies.  'Crosstalk' between 
conventional steel leaf suspensions limits this possibility.  This difference in behaviour was crucial in the 
strength of the dynamic coupling between air suspensions and short-span bridges.' 
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Earlier OECD work (OECD, 1992) noted that an inequality in dynamic load sharing between axles of 20 
percent increased road damage by a factor between 1.2 to 3.0.  When implementing 'road-friendly' 
suspension (RFS) requirements in Australia, a 5 percent imbalance between axles or wheels in a static test 
was seen to overcome this concern (National Road Transport Commission, 1993).  This requirement became 
part of VSB 11 and incorporated into its static test outcomes. 
The HV suspension requirements under higher mass limits (HML) schemes in Australia broadly followed 
the European assumption that air suspensions on HVs should be allowed a payload advantage over 
conventional steel-sprung axles based on 'damage equivalence' (National Road Transport Commission, 
1993).  Australia incorporated the 92/7/EEC parameters and tests into its VSB 11 certification regime for 
road friendly suspensions (RFS) as well as adding additional requirements regarding static load sharing.  
RFS in Australia generally incorporates air springs, although there have been a small but steady stream of 
steel-sprung 'road-friendly' suspensions emerging onto the market (Australia Department of Transport 
and Regional Services, 2004b). 
With respect to load sharing or load equalisation, the VSB 11 specification, p8 (Australia 
Department of Transport and Regional Services, 2004a) nominates that RFS suspensions must meet 
the following requirement:  'Static load share between axles in the axle group must be within 5 
percent'. 
There is an anomaly on p9 however, in that a load sharing suspension is defined thus: 'load-sharing 
suspension system means an axle group suspension system that: (a) is built to divide the load 
between the tyres on the group so that no tyre carries a mass more than 5 percent greater than the 
mass it would carry if the load were divided equally…' 
Hence, one requirement for load sharing is applied to axles and another requirement defines load sharing 
between wheels.  Whether or not those wheels are on the same axle or on different axles is not mentioned.  
Further, the Australian specification for RFS, VSB 11 (Australia Department of Transport and Regional 
Services, 2004c), nominates only that RFS suspensions must have static load sharing, to a defined value, 
'between axles in the axle group'.  Surprisingly, it does not define a formal methodology (Prem et al., 2006) 
to determine a static load sharing value; that detail has been left to a method suggested in a monograph 
(official status unknown) issued by Mr KC Wong of DoTaRS. 
 
Higher Masses for Heavy Vehicles and Load Sharing  
When air-sprung HVs were granted concessions to carry greater mass at the end of the 1990s, Australian 
road authorities knew that air-sprung HVs with industry-standard (or conventionally sized) air lines between 
air springs did not load share in the dynamic sense.  It was known at the time that concomitant increases in 
dynamic wheel loads from air-sprung HV suspensions as a result of ineffective dynamic load sharing had the 
potential to cause greater road damage than might otherwise be the case should air-sprung HVs have 
incorporated more dynamic load equalisation into their design (OECD, 1992, OECD, 1998).  That poor load 
sharing as defined by the load sharing coefficient (LSC) could contribute to increased road network damage 
was addressed (OECD, 1992) and estimated as shown in Table 1. 
Noting that perfect load equalisation would give a LSC of 1.0 (Potter et al., 1996) LSC values for steel 
suspensions were documented in the range 0.791 to 0.957 (Sweatman, 1983).  Air suspensions were placed 
somewhere in the middle of this range with LSCs of 0.904 to 0.925.  This was a decade before, and 
referenced in, the first OECD report (OECD, 1992). 
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There is currently a National Transport Commission (NTC) proposal to introduce quad-axle semi-trailers 
nationally with an axle group load of 27t.  Compare this with a current HML tri-axle group load of 22.5t.  
Road and pavement damage is proportional to somewhere between fourth and the 12th power (de Pont and 
Steven, 1999, Pidwerbesky, 1989), depending on the standard of road, of the wheel force for unbound 
pavements (Eisenmann, 1975).  Some Australian road authorities have expressed concern regarding this 
proposal with respect to the perceived inability of HV air-sprung axle groups to load-share in a dynamic 
sense, particularly if quad-axle groups are proposed to be used widely.  A quad group fitted with 
conventional air lines and loaded to greater than current tri-axle groups has the potential create greater 
wheel forces than a tri-group similarly fitted when undulations are encountered, particularly when a large 
undulation is encountered which puts the majority of the group load onto one axle or wheel.  In the case of a 
tri-axle group, the worst case for road damage due to uneven load sharing over severe bumps is the 
proportional to (22.5t)x; with a quad, it is proportional to (27t)x where x is the road damage exponent 
somewhere between 4 and 12. 
In fine, the effects of poor dynamic load equalisation were published and known at the time of granting air-
sprung HVs concessions to carry greater mass at the end of the 1990s.  With the clarity of hindsight, the 
disbenefits due to higher road network asset damage may not have been recognised as having the potential 
to discount the societal and economic benefits of higher HV payloads.  Nonetheless, there is now a growing 
recognition of, and therefore renewed research effort into, the phenomenon of imperfect dynamic load 
sharing within air-sprung HV suspension groups.  This is not before time. 
Dynamic Load Sharing 
Dynamic load sharing can be defined as the equalisation of the axle group load across all wheels/axles under 
typical travel conditions of a HV (that is, in the dynamic sense at typical travel speeds and operating 
conditions of that vehicle).  Attempts to quantify dynamic load sharing have resulted in a number of 
methods proposed and documented (Sweatman, 1983), amongst which were the load sharing coefficient 
(LSC) and the dynamic load coefficient (DLC). 
Depending on which authority is referenced, either no dynamic load sharing measure (Blanksby, 2007) for 
heavy vehicles exists or there are two but they are not applicable to HV axle groups with more than two 
axles (de Pont, 1997).  Three-axle HV semi-trailer groups are now commonplace and quad-axle semi-trailers 
are being introduced on the Australian Eastern seaboard.  The current load-sharing measures such as the 
load sharing coefficient (LSC) have been criticised but with little work on replacements (de Pont, 1997).  
Further, side-to-side load sharing is counterproductive to HV handling, resulting in promotion of roll. 
 
A New Suspension Metric for Heavy Vehicle Dynamic Load Sharing 
The following section discusses the relationship between some of the metrics developed to provide 
numerical comparisons between one HV suspension over another with respect to the road damaging 
potential of those suspensions.  It develops a new load sharing metric using instantaneous dynamic 
data in a time-series. 
 
Dynamic Load Coefficient 
Sweatman (1983) developed a measure denoted the dynamic load coefficient (DLC) in his work “A 
study of dynamic wheel forces in axle group suspensions of heavy vehicles.  Special Report No. 27” 
(Sweatman, 1983).  This was, in part, based on earlier work (Sweatman, 1980) and was to account 
for, and allow comparison between, the relative effects of dynamic wheel-force behaviour of 
differing suspension types. 
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The dynamic load coefficient (DLC) was defined as the coefficient of variation of dynamic wheel 
forces relative to the static wheel-force; i.e. the coefficient of variation of the total wheel load.  That 
approach utilised the concept that a measure of road damage could incorporate a damage component 
due to: 
 
• dynamic forces present from wheel loads; plus 
• a damage component due to the static forces present. 
 
This was developed as the ratio of a measure of variation in dynamic wheel-forces to static wheel 
force.  The static wheel-force was represented in this measure by the “mean wheel load” Fmean (Fig. 
3).  The dynamic forces were represented in this measure as the standard deviation (σ) or root-
mean-square (RMS) of the dynamic wheel-force (Fig. 3). 
 
The DLC may be defined mathematically for any wheel (i) or axle (i), viz: 
 
DLC(i) = σ(i) / Fmean(i)        Equation 1 
 
Where: 
 
• σ (i) = the standard deviation of wheel-force (i) or axle force (i); and 
• Fmean(i) = the mean wheel-force if wheel (i) or axle force of axle (i) (Sweatman, 
1983). 
 
The use of this metric assumes that: 
 
• dynamic loads are random; 
• dynamic loads have a Gaussian distribution about Fmean as shown in Fig. 3; 
• road damage is distributed evenly along a length of road (Collop and Cebon, 2002); 
and 
• road damage is proportional to the fourth power of wheel-load. 
 
Load Sharing Coefficient 
Early attempts to determine load sharing of HV suspensions (Sweatman, 1976) were by measuring 
the load under a 40mm plank with a test HV driven over it to determine the changes in axle loads 
when compared with static loads. 
 
Sweatman (1983) attempted to quantify the load sharing ability of a multi-axle group in a number of 
ways, amongst which was the load sharing coefficient (LSC).  This was designed to be a measure of 
how a suspension group shared the total axle group load across the axles within the group.  It is a 
value of the ability of a multi-axle group to distribute its load over each tyre and/or wheel in that 
group during travel. 
The original definition of LSC for axle (i) was: 
 
(stat) group
mean
F
)(F n   2)( iiLSC ××=
        
Equation 2 
Where: 
 
 n = number of axles in the group; 
 Fgroup (stat) = axle group static force and 
 Fmean(i)= the mean wheel force for wheel (i) in Fig. 3 (Sweatman, 1983). 
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Note that this approach treated the load sharing as being between axles and made the LSC specific 
to wheels or axles. 
 
LSC has been simplified and modified more recently to: 
 
(nom)stat 
mean
F
)(F)( iiLSC =  
        
Equation 3 
Where: 
 Fstat (nom) = Nominal static tyre/wheel force =
n
F (total) group
 
  
Equation 4; 
 Fgroup (total) = Total axle group force; 
 Fmean (i) = the mean force on tyre/wheel (i) ; and 
 n = number of tyres/wheels in the group 
 
(Potter et al., 1996). 
 
Equation 2 and Equation 3 differ in that the latter focuses on the equalisation of wheel forces and 
the former on equalisation of axle forces (de Pont, 1992b).  This may be attributed to a difference in 
interpretation between schools of road damage: the vehicle modellers vs. the pavement modellers. 
 
Potter et al., (1996) examined variations in quantitative derivation of measures to describe the 
ability of an axle group to distribute the total axle group load.  That work indicated a judgement that 
inter-axle relativities were the key to inter-wheel load sharing. 
 
The worth of the LSC as a prime determinant of suspension behaviour has declined but it is still 
used when describing the ability of a multi-axle group to distribute its load across all the wheels in 
its group. 
 
DLC versus. LSC 
From above, Sweatman (1983) needed a numerical value to ascribe to the relative amount of 
damage a HV suspension would impose on a road in comparison to other suspensions.  The 
dynamic load coefficient (DLC) was one of the measures derived from earlier work (Eisenmann, 
1975). 
 
Equation 1 defines the dynamic load coefficient (DLC).  Also developed in his 1983 study, 
Sweatman developed the load sharing coefficient (LSC) as a measure of how well any particular 
axle or wheel of a multi-axle HV suspension shared the load of the entire group.  This is shown 
above in Equation 2 and Equation 3. 
 
Relationship between LSC and DLC 
Recapping, from Equation 1: 
 
)(F
)(
   )( DLC
i
ii
mean
σ
=
 
 
and from Equation 3: 
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 )(F
)(F)(
stat
mean
i
i
iLSC = . 
 
Reformatting Equation 3: 
 
)(F)()(F statmean iiLSCi ×=         Equation 5 
 
Reformatting Equation 1: 
 
)(
)()(F
iDLC
iimean
σ
=
         
Equation 6 
Now, equating )(F imean from Equation 5 and Equation 6; therefore: 
 
)(
)()(F)()(F statean iDLC
iiiLSCim
σ
=×=
 
 
and rearranging this, the DLC from Equation 1 then becomes: 
 
)(F)(
)()(
stat iiLSC
iiDLC
×
=
σ
        
Equation 7 
 
Accordingly, we see that, for a given HV suspension LSC will have an inverse relationship with the 
DLC of that suspension.  The slope of the line plotted on the graph of the relationship will be 
)(F
 )(
stat i
iσ
. 
 
For the implementation of a perfect suspension its LSC would be 1.0 (Potter et al., 1996) with a 
DLC of 0 (Mitchell and Gyenes, 1989) which, from Equation 7, is feasible. 
 
Assume that the static mass value remains constant, as does the standard deviation of the wheel/axle 
force signal over the recorded test run.  Plotting an indicative relationship between DLC vs. LSC 
allows a visual analysis of the next logical step.  This is shown in Fig. 4. 
 
We know that an increase or a decrease in the suspension's LSC value away from 1.0 is undesirable 
(Potter et al., 1996), implying, as it does, a LSC locus moving away from the ideal of 1.0 and 
therefore uneven distribution of load during travel.  Plotting DLC and LSC against each other (Fig. 
4), using Equation 7 shows that there is a mutual exclusivity of optimisation between the two 
measures.  Fig. 4 shows that increasing LSC means a decreasing DLC and implementing design 
improvements that bring about reductions in DLC will increase the LSC value. 
 
Further developing this reasoning, Fig. 5 and Fig. 6 show the optimum LSC band and, where this 
band intersects with the DLC corresponding to that optimum, the range of DLC available (or 
resulting from) a design that optimises the LSC around 1.0 is shown as the range 'x' in Fig. 6. 
 
DLC vs. LSC - Empirical Data  
Does the theoretical relationship found in the previous section hold in the real world?  To test this 
question, the data from Main Roads' 2007 HV testing program were revisited. 
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Data gathering 
Recapping the derivation of the test data; wheel-loads for a semi-trailer tri-axle group were derived 
from data recorded from on-axle instrumentation (Davis, 2007, Davis and Bunker, 2008a, Davis and 
Bunker, 2008b) for road tests comprising driving the semi-trailer over a series of typical, uneven 
road sections.  The sections of road varied in roughness from smooth with long undulations to rough 
with short undulations.  The same section of road was not used for all speeds during these tests.  
This was for logistical, safety and consideration of other road-users.  Nonetheless, different roads 
with different roughnesses at different speeds have been used previously and was not unusual for 
this type of testing (Woodroofe et al., 1986).  Further, the variety of surface roughnesses was not 
available over one section of road within the 10 s recording window of the telemetry system.  The 
vehicles were driven over the test road sections at a variety of speeds from 40 km/h to 90 km/h.  
The number of runs at each speed varied from two to six and at least twice for each road segment. 
 
Empirical Results - LSC vs. DLC 
The DLC and the LSC for the semi-trailer wheels at full legal loads were derived.  Since each 
metric is designed to apply to a particular wheel, the LSC and DLC for the six wheels on the tri-axle 
group on the semi-trailer were averaged at each test speed.  This was necessary due to the variation 
of DLC values within each test speed owing to the variation in pavement roughness.  These 
averaged DLC and LSC values were derived and plotted for the various runs.  Noting that the 
speeds and roughnesses varied, the DLC did not prove to have a linear relationship with the LSC 
when plotted.  Nonetheless, the regression line in Fig. 7 clearly shows an inverse relationship 
between the two variables as predicted by Fig. 4. 
 
Dynamic Load Equalisation - A New Metric 
The forces of the wheels in an axle group on the road asset as the HV travels over typical 
undulations cause the associated damage to the road asset.  By attempting to quantify how well 
those forces are spread over the axle group, the theory is that the damage will be minimised for 
more even spread of loads across the axle group.  The problem with that chain of logic is that the 
metrics such as LSC are derived per wheel or per axle, not per axle group.  Defining a load-sharing 
metric as a measure of suspension quality for an individual axle or wheel neglects the concept of 
load-sharing across the group.  Further, previous methods have used averages or peaks in individual 
wheel-force or axle-force signals to determine HV suspension quality. 
 
Derivation of Dynamic Load Equalisation 
A new dynamic load equalisation measure is proposed: dynamic load equalisation (DLE).  Its roots 
lie in the concept of the instantaneous measure of dynamic load equalisation across all axles or 
wheels in the axle group.  By summing the forces in an axle group and subtracting the static force 
on the group as a whole, the remaining residual force will be the dynamically induced net force, 
either upward or downward, on the road surface, from the axle group as a whole. 
 
Mathematically expressed, dynamic load equalisation (DLE) is as follows: 
 
)(
1
)( stat
n
i
i FFDLE −





= ∑
=
        
Equation 8 
 
Where: 
 n = number of wheels or axles; 
 F(i) = instantaneous wheel-force or axle-force on axle or wheel or axle i ;and 
 F(stat) = the group static wheel force. 
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This metric yields an instantaneous value of the inequality of the load exerted by the entire axle 
group on the road surface.  It can also be applied to the springs for the same dynamic measure of 
equalisation of air spring forces at the axle/chassis interface. 
 
Dynamic Load Equalisation Coefficient 
By taking the standard deviation of the instantaneous dynamic load equalisation value derived from 
the axle group as a whole, the dynamic load equalisation coefficient (DLEC) may be found.  This 
metric is a measure of the spread in the net force on the road surface from the axle group.  It is a 
measure of the ability of the axle group to equalise wheel-forces over all wheels.  The DLEC is 
found directly from wheel or axle forces, unlike the LSC that averages forces over the test run. 
 
Mathematically expressed, the dynamic load equalisation coefficient (DLEC) is as follows: 
 
 
k
DLEjDLE
DLEC
k
j
∑
=
−
=
1
2))((
       
Equation 9 
Where: 
 DLE is as defined above; and 
 k = number of instantaneous values of DLE, i.e. number of terms in the series. 
 
Frequency-Domain Analysis of the Dynamic Load Equalisation Coefficient 
By application of an FFT to the dynamic load equalisation coefficient, the fundamental frequency of 
the “bowl-of-force” under the axle group should be able to be determined.  At the applicable speeds, 
the suspension wavelength should then be apparent. 
 
Empirical Results - Frequency-Domain Analysis of the DLE 
An FFT was applied to the DLE time-series for the semi-trailer test data from Main Roads' 2007 
HV testing program.  Fig. 8 shows an example of the FFT plot of the frequency spectrum for one of 
the tests.  Note the body-bounce forces in the range of 1.7-1.9 Hz and axle-hop forces in the 13 - 14 
Hz range as previously documented by researchers (Cebon, 1999, Cole and Cebon, 1991, Cole and 
Cebon, 1995, de Pont, 1992a, de Pont, 1997, de Pont, 1999, Davis and Bunker, 2008a, Davis and 
Bunker, 2008b). 
 
The first and second largest peaks in the frequency spectra of the DLE time-series at the various test 
speeds were found.  These are shown in Table 2 and plotted in Fig. 9.  At the various speeds, the 
suspension wavelength was found by dividing the speed in ms-1 by frequency in s-1 to get a distance 
in m.  This provided a distance between the peaks of the wavelength of the suspension: i.e. the 
distance between pavement impacts for the axle group; also shown in Table 2. 
 
The manufacturer of the semi-trailer axles used in the tests has advised that the body-bounce 
frequency as tested for VSB 11 purposes was 1.89 Hz (Colrain, 2007).  This is also plotted in Fig. 9 
for comparison purposes.  We see that the 2nd-largest peaks in the FFT plots coincide with the 
fundamental frequency of the suspension.  It is very likely that the highest peaks in the FFT plots, 
varying as they do over the range of speeds, are the frequencies of the pavement being reflected into 
the suspension.  The second-highest peaks in the spectra coincide well with the manufacturer's data 
and so the contention is that these are the body-bounce signals being transmitted to the pavement 
via the wheels. 
 
Discussion 
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Mitchell (1987) examined on-road dynamic axle-loads for a statistically-significant sample of heavy 
vehicles.  He noted that air-sprung HVs provided better equalisation of axle-loads than steel 
suspensions with an average load inequality between axles of 10 percent compared with steel at 
typically 40 percent.  Sweatman (1983) tested six different types of HV suspensions for LSC and 
DLC.  His results conflicted with Mitchell’s.  More research followed (Gyenes and Simmons, 1994, 
Gyenes et al., 1992, Simmons and Wood, 1990) detailing extensive testing of different types and 
configurations of HV suspensions.  These studies were similarly indeterminate about whether or not 
air suspensions possessed superior load-sharing over steel. 
 
We have seen from both the theoretical exercise in determining the relationship between DLC and 
LSC that improvements in one are mutually exclusive to improvements in the other.  This was 
backed by empirical data analysis.  Clearly, a better load-sharing metric is required.  If such were to 
be developed, it would need to account for the behaviour of the entire axle group rather than treating 
each wheel or axle as if it had the ability to share load by its own actions.  Development of the DLE 
and the standard deviation of its time-series, the DLEC, followed in this paper.  de Pont’s work 
(1999) showed that the values measured for resonant frequencies, etc. at different loads and speeds 
do not vary significantly from those derived from the EU testing if the centre-of-gravity is placed 
over the particular suspension (component) under test.  The conclusions from that testing were: 
 
• poor load-sharing is a quasi-static phenomenon independent of speed and dependant on the 
geometry of the suspension system; 
• poor installation and design practices can negate the load-sharing performance of a suspension 
which previously performed well in this area; and 
• steel suspensions could benefit from the installation of low-friction material between the 
spring leaves both for improving dynamic load sharing and reduction of dynamic wheel loads  
(de Pont, 1999). 
 
Taking the lead from de Pont (1999) therefore, we see in Fig. 9 that the second peaks in the FFT of 
the DLEC frequencies align reasonably well with the manufacturer's body-bounce frequency, 
regardless of speed, noting that the tested semi-trailer axles' body-bounce frequency was 1.89 Hz.  
Previous research (Davis et al., 2007, Davis and Sack, 2004, Davis and Sack, 2006, Prem, 1988, 
Prem et al., 1998) has noted that the undulations in the road provide frequencies of excitation into 
HV suspensions.  These may or may not coincide with a particular HV suspension's fundamental 
frequency, particularly if they have been made by other HVs with slightly different body-bounce 
frequencies (LeBlanc, 1995, LeBlanc and Woodrooffe, 1995).  The correlation between these 
highest peaks in the FFT plots is likely therefore to indicate the pavement's frequencies being forced 
into the HV suspension tested. 
 
The second-highest peaks in the spectra coincide well with the manufacturer's data and so the 
contention is that these are the body-bounce signals being transmitted to the pavement via the 
wheels.  We also see that the DLE frequency spectra contain body-bounce and axle hop as predicted 
by previous researchers (Cebon, 1999, Cole and Cebon, 1991, Cole and Cebon, 1995, de Pont, 
1992a, de Pont, 1997, de Pont, 1999).  From these foundations, the distances between successive 
impacts on the pavement and surfacing were derived by finding the wavelength of the vehicle's 
suspension at the various test speeds.  This provided distances between potential potholes or 
pavement distress in a longitudinal/spatial reference for a length of road.  This result indicates that, 
as found by the pavement modelling work of various researchers promoting the concept of "spatial 
repeatability" or "spatial repetition" (Cebon, 1987, Cole, 1990, Cole and Cebon, 1989, Cole and 
Cebon, 1992), the impact of bouncing HVs on pavements may not be spread in a spatially Gaussian 
distribution longitudinally along a road surface.  This finding is in direct contrast to the earlier work, 
mentioned above, of researchers who assumed spatial (and perhaps interdependently, temporal) 
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Gaussian distributions of pavement impacts from HV suspensions (Sweatman, 1983).  In this light, 
the inability of measures such as DLC for use in determining the relative quality or damage effects 
of HV suspensions is therefore not surprising. 
 
The decision to allow heavier trucks on the network in return for being equipped with air 
suspensions was made based on relative DLC values between air and steel suspensions.  The 
distress on the road network asset being reported anecdotally since the advent of heavier air-
suspended vehicles may be the result of over-reliance on the DLC measure to make this judgement.  
That said, and with the clarity of hindsight, DLC may now be seen as a not particularly good 
indicator of potential road damage or suspension quality, particularly with regard to spatial 
determination of pavement damage (Davis and Bunker, 2007, Lundström, 2007). 
 
 
Conclusion 
As noted in the background material for the research project Heavy vehicle suspensions – testing 
and analysis (Davis and Bunker, 2007) the judgement of HV suspension quality may be split into 
two camps: the vehicle modellers and the pavement modellers.  The criticisms that the pavement 
modellers have of the vehicle modellers include the issue of pavement forces not being recorded 
accurately by on-vehicle instrumentation.  The vehicle modellers counter that instrumentation of a 
pavement is expensive (and only one pavement at a time may be instrumented and then only for 
finite and short lengths).  The pavement modellers also contend, with some justification, that spatial 
repetition is not accounted for in vehicle modelling metrics. 
 
With the development of the dynamic load equalisation (DLE) and its companion time-series  
dynamic load equalisation coefficient (DLEC), we found suspension wavelengths and their 
magnitudes from empirical data.  Accordingly, this has the potential to create a harmonisation 
between the approaches of the vehicle modellers and the pavement modellers that may be 
acceptable to both. 
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Table 1.  Pavement damage increase for a load sharing coefficient of 0.8 
Type of 
damage 
∆ increase in pavement damage (percent) due to imperfect 
load sharing (load sharing coefficient = 0.8) 
Rutting 43 - 100 
Fatigue 23 - 200 
 
 
Table 2.  Suspension wavelengths for the first and second peak magnitude DLE frequencies at the various 
test speeds. 
Speed 
(km/h) 
Frequency 
corresponding 
to largest FFT 
magnitude (Hz) 
Frequency 
corresponding to  
2nd largest FFT 
magnitude (Hz) 
suspension wave 
distance 
corresponding to the 
largest resonant peak 
(m) 
suspension wave distance 
corresponding to the 2nd 
largest resonant peak (m) 
40 1.3 1.9 8.5 5.8 
40 1.4 1.7 7.9 6.5 
60 1.2 1.8 13.9 9.3 
60 1.5 1.9 11.1 8.8 
60 1.6 1.8 10.4 9.3 
60 1.5 1.7 11.1 9.8 
60 1.4 1.8 11.9 9.3 
60 1.6 2.0 10.4 8.3 
70 1.7 1.9 11.4 10.2 
80 1.7 1.4 13.1 15.9 
80 1.6 1.8 13.9 12.3 
90 1.6 1.9 15.6 13.2 
90 1.7 2.0 14.7 12.5 
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Figures 
 
Figure 1.  Early attempts to define load sharing (Australia Department of Transport, 1979).  The suspension 
on the left was defined as non-load sharing because of effect shown in Fig. 2. 
 
Figure 2.  Showing the effect of wheel-forces with non-load sharing suspension, left vs. load sharing 
suspension, right (Australia Department of Transport, 1979). 
 
 
 
Figure 3.  Summary of DIVINE report illustration for dynamic load coefficient (OECD, 1998). 
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Figure 4.  DLC vs. LSC relationship.  n.b: a scale for DLC is not used in this figure; this is only a 
conceptual plot of the relationship. 
 
Figure 5.  DLC vs. LSC relationship.  The vertical grey area shows the optimum LSC range and, to a lesser 
extent, the white box shows the desirable LSC range. 
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Figure 6.  DLC vs. LSC relationship.  Given the optimum (or at least, desirable) LSC, there is no choice 
about the resultant DLC in the range 'x'. 
 
 
Figure 7.  Dynamic load coefficient vs. load sharing coefficient - relationship from empirical data. 
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Figure 8.  Showing the Fast Fourier transform of the dynamic load equalisation metric.  This plot for 
one test only, but typical. 
 
 
Figure 9.  Plotting the Fast Fourier transform of the dynamic load equalisation metric for all tests 
and speeds. 
 
 
 
 
 
 
 
 
 
 
 
